Preferential copper electrodeposition at submicrometer trenches in an acid copper sulfate electroplating bath by addition of only two components ͓bromide ion and polyethylene glycol ͑PEG͔͒ is observed. Strong suppression by PEG is observed by the addition of Br Ϫ compared with the addition of Cl Ϫ . It is supposed that halide ions work as an adhesive between PEG and the copper surface. During electroplating, halide ions are consumed and the concentration of halide ions in submicrometer trenches is reduced by diffusional limitation. The reduction of halide ion concentration weakens the PEG adsorption and thus preferential copper electrodeposition at submicrometer trenches is realized. 19, 20 Therefore, there are possibilities that other dominant mechanisms also work in the superfilling. Chang et al. showed interest in the wetting effect of PEG, while we are interested in the breakdown of PEG-Cl suppression and proposed a model for the bottom-up electrodeposition realized in superfilling. In the model, it is assumed that Cl Ϫ is consumed on the plating surface by incorporation into the deposited copper or formation of soluble complex ions such as CuCl 2 Ϫ . If the initial consumption is uniform over the plating surface, it is reasonable to suppose that the reduction of Cl Ϫ concentration in the trench bottom is larger than the reduction on the top surface because of diffusional limitation. The suppression weakens at the trench bottoms, then the rapid deposition at the trench bottoms is prompted. In this study, the suppression of electrodeposition by PEG and halide ions ͑not only Cl Ϫ ) was carefully investigated and the filling experiments were performed.
Copper on-chip interconnection is a current topic in the semiconductor industry. 1 It is realized by copper superfilling 2 of trenches and vias in the damascene process. The superfilling is achieved by the presence of additives in the acid copper sulfate electroplating bath. The function of each additive is not clear and a physical description of copper superfilling is not yet established. Many studies based on the diffusion-adsorption theory [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] have been carried out to understand the superfilling process and recent studies have paid attention to catalytic additives like bis͑3-sulfopropyl͒disulfide ͑SPS͒ or 3-mercapto-1-propanesulfonate ͑MPSA͒. [13] [14] [15] [16] [17] [18] Moffat et al. have succeeded generally in predicting the shape evolution of copper electrodeposition by curvature enhanced accelerator coverage mechanisim ͑CEAC͒.
Recently, we demonstrated with Chang et al. that the copper bottom-up electrodeposition can be achieved by addition of only Cl Ϫ and polyethylene glycol ͑PEG͒. 19, 20 Therefore, there are possibilities that other dominant mechanisms also work in the superfilling. Chang et al. showed interest in the wetting effect of PEG, while we are interested in the breakdown of PEG-Cl suppression and proposed a model for the bottom-up electrodeposition realized in superfilling. In the model, it is assumed that Cl Ϫ is consumed on the plating surface by incorporation into the deposited copper or formation of soluble complex ions such as CuCl 2 Ϫ . If the initial consumption is uniform over the plating surface, it is reasonable to suppose that the reduction of Cl Ϫ concentration in the trench bottom is larger than the reduction on the top surface because of diffusional limitation. The suppression weakens at the trench bottoms, then the rapid deposition at the trench bottoms is prompted. In this study, the suppression of electrodeposition by PEG and halide ions ͑not only Cl Ϫ ) was carefully investigated and the filling experiments were performed.
Experimental
Overpotential measurement.-The cell for electroplating experiments was a 500 mL beaker submerged in a water bath at 298 Ϯ 0.5 K. The working electrode ͑WE͒ was a polished platinum disk in an epoxy resin. To assume one-dimensional flow of current, ions, and additives, the WE was covered by a resin plate which had a cylindrical hole ( ϭ 3 mm). The WE was set downward to avoid the unstable convection due to density change. The WE was preplated with copper at 200 A/m 2 for 20 s in the electrolyte of interest before each experiment. After preplating, the electrolyte of the bath was spit out from a thin tube connected to a pump for supplying fresh electrolyte in the hole. To avoid contamination of Cl Ϫ , a copper plate in the cover resin was used as a reference electrode which was expected to work as a stable Cu/CuSO 4 electrode. The composition of the standard electrolyte was 225 g/dm 3 CuSO 4 •5H 2 O and 55 g/dm 3 H 2 SO 4 . Electrodes were connected to a potentiostat ͑Hokuto Denko, HABF501͒ and constant current was applied for copper electrodeposition on the WE. All operations were controlled by a PC and stable iteration of measurements were expected.
Filling experiment.-The cell for the filling experiment was a 200 mL beaker. A patterned wafer with a copper seed layer ͑Inter-national Sematech͒ served as the working electrode. The reference electrode and the counter electrode were platinum wires. All electrodes were connected to a potentiostat. To assume a similar condition of the overpotential measurements in the above section, the wafer chip was covered with a Teflon plate which had a cylindrical hole. The electroplating was performed by applying a constant current in an electrolyte bath containing PEG and Br Ϫ . After electroplating, the chips were rinsed by pure water and dried by Ar gas flow. The chips were cleaved and the cross section was observed by a scanning electron microscope ͑SEM, JEOL JSM6301F͒.
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Results and Discussion

Suppression by PEG and halide ions.-Suppression by PEG and Cl
Ϫ is sensitive to the concentration of Cl Ϫ and these features have been reported.
19,21 Figure 1 shows the time response of overpotential when HBr was added to a PEG ͑Mw 3000͒-containing electroplating bath. The concentration of PEG was constant at 300 mg/dm 3 and measurements were performed at Br Ϫ concentration of 0, 0.01, 0.02, 0.035, 0.05, 0.075, 0.1, 0.2, 0.35, 0.5, 0.75, 1, 1.5, 2, and 3 mmol/dm 3 . Current density of 100A/m 2 was applied for 60 s and IR drop was subtracted assuming that the resistivity of the electrolyte solution was uniform over space and constant over time. The suppression by PEG is sensitive to the concentration of Br Ϫ as well as Cl Ϫ .
Although slight unstable behavior can be seen in the initial electroplating period, nearly peak suppression was maintained when 0.75 mmol/dm 3 of Br Ϫ was added, which was almost the same amount of addition as in Cl Ϫ . The reduction of suppression along time can be seen when the addition of Br Ϫ was less than 0.75 mmol/dm 3 . Halide ion is supposed to work as an adhesive between PEG and copper plating surface. Therefore, these reductions may be caused by the reduction of halide ion concentration on the plating surface. As a cause of halide ion decrease on the surface, consumption may be dominant because migrational effect is expected to be small by numerical calculation using Nernst-Plank equation. Cl incorporation into the deposited copper was verified by secondary ion mass spectrometry ͑SIMS͒ measurements. 19, 22, 23 Itagaki et al. investigated dissolution of copper electrode in sulfuric acid solution containing halide ion and the formation of CuCl 2 Ϫ was observed on both anode and cathode electrodes by channel flow electrode experiments. 24 Therefore, the consumption of halide ion is supposed to occur on the cathode surface during electrodeposition.
It was also found that an excess amount of Br Ϫ lowered the overpotential. The reduction of overpotential was observed by the addition of only HCl or HBr without PEG to a standard electrolyte bath and this effect may appear by the larger amount of halide ion addition. Therefore, it is supposed that the suppression by PEG was maintained when a large amount of halide ion was added, although the overpotential was reduced.
The overpotential measurements were performed with various current densities. The concentration of halide ion, when the peak suppression was maintained, and peak overpotentials are listed in Table I . A larger current needed a larger concentration of halide ion to maintain the suppression. Suppression by Br Ϫ was stronger than suppression by Cl Ϫ . Similar overpotential measurements were performed for I Ϫ and the increase of the overpotential by the addition of I Ϫ to PEG containing bath was observed, but I Ϫ was oxidized to I 2 under atmospheric condition and reproducible results were not obtained. Figures 2-5 show scanning electron microscopy ͑SEM͒ images of the trench cross section after electroplating. In Fig. 2 , almost conformal deposition can be seen, while in Fig. 3a , copper deposition is observed only at the bottom of the trenches and no deposition can be seen on the top surface. Strong suppression was maintained on the top surface during electroplating when a larger amount of Br Ϫ was supplied. Figure 3b and c shows the progress of the deposition. The deposition is not uniform over space due to the instability described below and it was difficult to obtain precise reproducibility along plating time. Thus the results of the same electroplating time are shown in Fig. 3a and b . A wide area of the patterned wafer is shown in Fig. 4 and 5. Preferential copper deposition at the trenches can be seen. In Fig. 4 , a larger amount of deposition is observed at the center of the trench series surrounded by flat surface. This tendency is often seen in filling experiments with the addition of PEG and halide ions.
An explanation for this phenomenon can be made using the halide consumption model. Figure 6 shows a schematic view of the explanation. Initially, halide ion is consumed uniformly over the plating surface and a superficial consumption rate of halide ion is large on the trench series ͑Fig. 6a͒. Because diffusional supply of halide ion is larger at the edge of the trench series, nonuniform distribution of halide ion concentration is formed on the trench series as shown in Fig. 7 . In the calculation, a thin boundary layer was used because we assumed an initial period of electroplating within 1 s and a stir effect by the submergence of specimen chip may exist. A diffusional equation should be used for calculating the halide ion concentration distribution, however, at this moment, we do not have a quantitative model for halide consumption on the copper surface. As a rough estimation, a simple calculation was performed using the Laplace equation. A relatively large halide ion consumption rate 2 ϫ 10 Ϫ6 mol/m 2 s was used. We considered that such a high consumption rate at an initial period may occur, because over 500 ppm of Cl was reported in deposited copper 25 and the formation rate of complex ions such as CuCl 2 Ϫ may be very high. 26 Further quantitative investigations about halide consumption must be performed to construct a proper model. According to the above assumption, the reduction of halide ion concentration is expected to be largest at the center of the trench series and the initial suppression breakdown starts at the bottom of the center trench ͑Fig. 6b͒. Once the suppression begins to break, the electrodeposition rate on the breakdown points increases. The amount of fresh copper surface exposure to halide ion also increases and it is supposed that the consumption rate of halide ion increases on the breakdown points. This assumption may be supported by Table I in which the larger current density needs higher halide ion concentration to maintain suppression. Therefore, the reduction of halide ion concentration becomes larger around the center of the trench series and subsequent suppression breakdowns occur in the neighboring trench bottoms ͑Fig. 6c͒. Because of this unstable halide ion consumption, it is supposed that a small difference of halide ion concentration is amplified and a large difference of deposition rate can be observed. While in Fig. 5 , deposits concentrate around only dense trench series and there are no deposits on sparse trench series. A dense trench series has a larger true surface area than a sparse trench series and the consumption of Br Ϫ may be larger on the narrower trench series. Then suppression breakdown occurs only on dense trench series. Therefore, it is supposed that these nonuniform deposition rates observed in Figs. 4 and 5 may support the halide ion consumption model.
Conclusion
Suppression of copper electrodeposition by PEG and halide ion (Cl Ϫ and Br Ϫ ) was carefully investigated. Stronger suppression was observed by the addition of Br Ϫ than by the addition of Cl Ϫ . Preferential copper electrodeposition at submicrometer trenches was observed by the addition of only PEG and Br Ϫ as well as by the addition of PEG and Cl Ϫ . Nonuniform copper deposition in the trench series can be explained by the halide ion consumption model. However, suppression breakdown is unstable and the quality of deposited copper film does not seem good by SEM observations. Further quantitative studies with other additives are needed to fully understand the mechanism of superfilling.
